ABSTRACT Genes for naphthalene metabolism are localized on nah7, an 83-kilobase (kb) plasmid, in two gene clusters under salicylate control. Polar mutations formed by insertion of the transposon Tn5 permit detection ofthe transcription direction and the gene organization within two ""10-kb DNA segments separated by a -7-kb regulatory gene region. The gene cluster specifying conversion of naphthalene to salicylate lies near the left initiation of a 25-kb DNA fragment A released by EcoRI; that for the salicylate pathway via catechol meta-fission lies near the right terminus with extension into the adjoining 5.9-kb fragment C. The genetic organization and regulation resemble the tol plasmid-encoded "upper" and "lower" pathways of toluene/xylene oxidation in Pseudomonas putida mt2.
The cycling of carbon in nature by soil microbes includes participants from the genus Pseudomonas. The genes for the early steps frequently are found on "metabolic" plasmids (1) (2) (3) (4) (5) . Naphthalene and salicylate serve as examples of aromatic structures that support growth as carbon sources (6) . Strains carrying a nah plasmid grow on both naphthalene and salicylate (Nah+Sal+) (2) whereas those carrying a sal plasmid grow on salicylate (3) but not naphthalene (Nah-Sal+). Plasmid DNA isolated from nah-and sal-carrying strains are comparable in restriction sites (7, 8) and hybridization homology (8, 9) . Though less extensive, their homology with the tol plasmids suggests to us a relatedness among a minimal number ofparent genomes that encode aromatic oxidations (8, 10) .
The strains that metabolize naphthalene and salicylate are numerous and of diverse distribution, and many of them are of early origins (6, 11) . In this paper the reaction sequence from naphthalene to pyruvate plus acetaldehyde is taken from Barnsley (12, 13) and Sala-Trepat et al. (14) . The reaction pathway is under salicylate regulation and culminates in the fission ofthe aromatic nucleus via the catechol "meta" pathway (see Fig. 1 ).
Transposon Tn5, which encodes resistance to kanamycin, transposes via recA-independent recombination to induce polar mutations by insertion within gene sequences (15) (16) (17) . Enzymatic activities ofTn5 insertion mutants and mapping ofisolated plasmid DNA with EcoRI/Sma I restriction enzymes establish the physical structures, gene array, and regulation within the naphthalene pathway of plasmid nah7. Two gene clusters are identified in this pathway under salicylate control. Pyruvate release encoded in each cluster provides two possible growth phenotypes, Nah+Sal-and Nah-Sal+. The reactions encoded in the second gene cluster, which also liberate acetaldehyde, bear a close analogy to the "lower" pathway (18, 19) encoded by the related tol plasmids ofthe same compatibility group, P9. Pleotropic defects reveal the direction of gene transcription from nahA-F coding for the conversion of naphthalene to salicylate and nahG-K coding for the oxidation of salicylate to 2-oxo-4-pentenoate.
MATERIALS AND METHODS
Media. L-broth (20) served as complete medium and Vogel-Bonner E served as minimal medium (21) . Phosphate ammonium salts medium (22) , supplemented for auxotrophic mutants, was used to test growth on specific carbon sources. On plates kanamycin resistance (Kmr) was tested at 90 Aug/ml, amino acids were supplemented at 20 Aug/ml, and sodium salicylate as carbon source was added at 0.1% (7 mM). Naphthalene, camphor, and octane were supplied as vapor.
Bacterial Strains. The origin, preparation, and pertinent properties of cultures used are indicated in Table 1 .
Transduction and Conjugation. Transduction was essentially according to Chakrabarty et al (24) with phage pfl6.
Conjugal transfer of plasmids was according to Hermann et al. (25) or by spot crosses. For the latter, 20 u1 ofrecipient cells in early logarithmic phase (OD6W nm = 0.7) were placed on the surface ofL-agar and allowed to dry, and 20 ,1 ofa donor culture in a similar growth phase was added. The plates were incubated overnight (16 hr) at 300C, and the cells were suspended in a small volume of0.9% NaCl and plated on appropriate selection media.
Preparation of Transposon Insertion Mutants of nah7. nah7::Tn5 (Kmr) and nah7:Tn3221 [ampicillin-resistant (Apr)] strains were prepared in the PpGl host line carrying the nah7 plasmid which had been introduced earlier from the parent PpG7 (ATCC 17,485) by Dunn and Gunsalus (2) .
James Shapiro at the University of Chicago kindly supplied strain PpS1015 with Tn5, plus an Oct-marker on a fused plasmid CAM-OCT (26) . Conjugal transfer of this plasmid by spot cross to a Rec-recipient, 1404, carrying the incompatible oct plasmid, and selection for KmrOct+ yielded exconjugates with chromosome bearing Tn5. Transduction ofTn5 into a plasmidfree strain, 277, and introduction ofthe nah7plasmidfrom strain 2118 produced strain 1939. Spot cross between strains 1939 and 1343 and selection of Kmr on methionine-supplemented Vogel-Bonner agar gave KmrMet-/nah7::Tn5 exconjugates. Screening among these exconjugates provided nah7::Tn5 Nahor Sal-mutants (or both).
To construct an Apr derivative of nah7, the plasmid was first transferred from strain 1901 to 2101. Selection ofSal+Apr (2 mg/ ml) on methionine-supplemented phosphate ammonium salts agar in the cross 1873 x 1343 and screening for Nah+Kms (90 yg/ml) tetracycline sensitivity (Tcs; 100 /.g/ml) yielded strain 1888. Sma I digestion of the plasmid DNA of this strain demonstrated a 4.9-kilobase (kb) Apr transposon on the nah7 plasmid. This transposon is named Tn3221 until presumed identity with Tnl (27) is clarified (28 (25) 277 Trp-(trpB615/camd) (25) 379 Leu-Nah'Sal+(leu-801/nah7) (2) 1064 Trp-Nah-SalI(trpB615/nah7) 379 36 .
To detect product accumulation, mutant strains were grown overnight (16 hr) in 5 ml of phosphate ammonium salts supplemented with methionine (50 ,ug/ml) with 20 mM monosodium glutamate as a secondary carbon source, 0.3 mM 2-aminobenzoate as gratuitous inducer (29, 30) , and 4 mM naphthalene, added in dimethylformamide. Cells were removed by centrifugation, the supernatant was diluted in neutral 100 mM phosphate buffer, and the accumulated products were identified by spectral measurements over the range 240 to 500 nm at pH 3 (adjusted with HCl), pH 7, and pH 12 (adjusted with NaOH). The spectra for naphthalene and salicylate were taken on commercial samples; reported values were used for cis-dihydrodiol naphthalene (31), 2-hydroxychromene-2-carboxylate (13), 2-hydroxybenzalpyruvate (13) , and 2-hydroxymuconate semialdehyde (32) . The presence of 1,2-dihydroxynaphthalene was detected from the spectrum of 1,2-naphthoquinone which forms quickly by air oxidation.
Cell Extract Preparation and Enzyme Assays. Strains were grown for 9 hr at 30°C in 2-liter Erlenmeyer flasks containing 500 ml ofphosphate ammonium salts medium with methionine (50 ug/ml), 20 mM monosodium glutamate, and 0.3 mM 2-aminobenzoate or 2.5 mM sodium salicylate. The cells were harvested at 50C, washed with 100 ml of0.1 M potassium phosphate buffer at pH 7.0, resuspended in 3 ml ofthe same buffer, and ruptured by sonication with a Branson 10-kc unit. The cell debris was sedimented at 25,000 X g for 30 min and the supernatant (extract) was used for the estimation of all enzyme activities except naphthalene dioxygenase and salicylate hydroxylase. The former was measured on whole cell suspensions and the latter was measured after an additional 2 hr-centrifugation at 100,000 x g to remove a particulate fraction rich in NADH oxidase.
Enzyme assays were according to procedures assembled in our laboratory by M. Barbour from the publications ofthe Evans (33), Barnsley (13, 34) Johnston and Gunsalus (37) with minor modifications by Farrell (9) . Restriction endonuclease digestion and DNA fragment separation by electrophoresis on 0.7% agarose were according to Farrell (9) . Restriction fragment sizes were estimated from the Southern (38) Genetics: Yen vertants carry Tn5 in the chromosome or in a second plasmid locus nonessential to Nah'Sal' expression.
Phage pfl6 is competent to transfer the entire nah7 plasmid (2) and the nah7::Tn5 genomes as well. Thus, for the transduction experiment, an additional marker was introduced into the recipient plasmid to ensure recombinant formation rather than plasmid replacement. Phage stocks prepared from each mutant were used to infect Apr strain 1888 (Nah+Sal+AprKms). Ten or more AprKmr transductants from each cross were checked and found to carry the Nahi or Sal-mutations (or both) ofthe donor cells.
Organization of Naphthalene Oxidation Genes. Scoring gene expressions of the nah7 plasmid and the Tn5-carrying derivatives was based on enzymatic activity after induction with salicylate or the equally effective gratuitous inducer, 2-aminobenzoate ( Table 2 ). The enzyme patterns reveal gene defects and a pleotropic regulation in two regulatory units. Mutations in or before nahA eliminate expression of nahA-F; those in or before nahG eliminate activities of nahG-K. (The gene order indicated by the polar effects is shown in Fig. 4 .) The transcription is from nahA (naphthalene dioxygenase) toward nahE-F in the first gene block, the nahl operon, and from nahG (salicylate hydroxylase) toward nahK in the second, the nah2 operon. The indicated gene order of nahE to F is arbitrary because their mutants were not isolated. We lack data for the nahL gene product, hydrotase. The nahM gene product, aldolase, may be noninducible (Table 2) as reported for Azotobacter (33) and may not be coded in the nahl or nah2 operon.
Still to be explained is our failure to detect naphthalene dioxygenase in the extract ofthe nahBIBl mutant (Table 2) , although the cis-dihydrodiol accumulated from naphthalene. To be clarified also is the apparent expression of the nahF gene in the presence of a polar nahD mutation.
Genetic and Restriction Maps of nah7::Tn5 Mutants. Gene loci defective as a result of Tn5 insertions can be mapped by locating Tn5 insertions in restriction endonuclease digests. Fig.  2 indicates the nah7 genome physical structure as deduced from Sma I restriction sites according to Farrell (9) and this work. This circular map (expanded in Fig. 3) provides details of the gene loci coding for the naphthalene/salicylate enzymes. The pertinent EcoRI AC, and Sma I ABEC regions, plus the products of dual digests, provide gene placement and order within the nahl and nah2 operons. The endonuclease restriction fragment sizes are shown in Table 3 . Lacking an EcoRI restriction site (15, 41) , the Tn5 insertion will provide an approximately 6-kb larger fragment. As the data show, nearly all of the nah-or sal mutant loci of the nah7 genome enlarge EcoRI fragment A from about 24.6 to 30.6 kb. The exceptions, nahJ93 and -Ki01, are found in EcoRI fragment C which maps adjacent on the right of fragment A. Although the reported size ofthe Tn5 genome is about 5.7 kb (41), our standards estimate these insertions at about 6 kb. We have not explored the reason for discrepancy in detail.
More fine structure results from the Sma I digestions and the EcoRI/Sma I dual digestions. Table 3 provides the sizes of the Sma I digest fragments and Fig. 4 shows some of the Sma I restriction gel patterns. The Sma I site in Tn5 is 2.5 kb from the initiation of the left inverted repeat, thus 3.2 kb from the right (41, 42) . We have calculated the distance between a Tn5 insertion site and the nearest Sma I site by subtracting either 2.5 or 3.2 kb (depending on the locus) from the Sma I fragment F defined in Table 3 . The identity ofthe nearest Sma I site was determined by Sma I/EcoRI dual digestions and from the organization ofthe two gene clusters. In either orientation, Tn5 induces polar mutations (17) . Except for nahC24, the map distance between each of the mutant loci in Fig. 3 and the left end of EcoRI fragment A was calculated by assuming the leftward orientation of the Sma I 3.2-kb end of Tn5. In case of the inverse insertion polarity, each locus is 0.7 kb to the right. The insertion at the nahC24 locus is the inverse ofthat presented for the other loci because only this orientation gives a map position of C24 downstream from the BJJ locus as indicated by the enzyme assay data ( Table 2 ). The orientation of Tn5 at the nahJ93 and J94 loci are as shown because they map <0.7 kb (0.2 and 0.4, The map positions of multiple mutant loci provide information on the minimum gene size. nahA, -C, -D, -I, and -J span at least 1.4, 1.1, 0.5, 0.5, and 2 kb, respectively (Fig. 3) Genetics: Yen and Gunsalus Nah-Sal+. This interesting feature. makes the naphthalene pathway an attractive system for study of gene regulation in a complex catabolic pathway because regulatory mutants have a distinct Nah-Sal-phenotype and are easily isolated. In the z7-kb region separating the two operons we have mapped a regulatory gene whose product is required for the expression ofboth operons. This gene is functionally analogous to the xylR gene postulated to regulate the toluene/xylene pathway coded for by the tol plasmids (43) .
The naphthalene and the toluene/xylene pathways each are encoded by plasmid genes organized in two clusters. The roles of second gene clusters including their gene organizations have striking analogies (19) . Conceivably, a minimal number of metabolic gene blocks in appropriate combinations, with the evolution of coordinated regulatory systems, could code for the metabolism of a variety of organic compounds. The host chromosomes are a potential source ofthe gene sets in the evolution of metabolic plasmids. Consistent with this notion is the report (44) that, contrary to the data presented in this paper, in some Pseudomonas putida strains the genes coding for the conversion of naphthalene to salicylate may be on the chromosome.
In addition to the nah7 plasmid, several other naphthalene or salicylate metabolic plasmids (or both) have been described. These include the nah plasmids of P. putida strains PpG63 (ATCC17,484) (9) and PpG90 (ATCC17,483) (8, 9) , the nah plasmids studied by Skryabin et aL (45) and Boronin et aL (46) , and the sal plasmids characterized by Farrell (9), Heinaru et aL (8) , and Zuniga et aL (44) . The restriction and restriction hybridization patterns and the genetic analyses have revealed significant sequence homology between several ofthese plasmids and nah7. Tn5 insertions in well-characterized nah7 regions provide reference points and an opportunity to extend comparisons of nah7 with these and other plasmids, including the tol plasmids, by electron microscopic heteroduplex analysis.
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